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MAGNETO-OPTIC  MATERIALS  FOR  BIASING  RING  LASER  GYROS  -  REPORT  No.  4 
PROPERTIES  OF  EVAPORATED  Fe-Co  ALLOY  FILMS 

I.  INTRODUCTION 


This  is  the  fourth  of  a  series  of  reports  on  magneto-optical  materials 
for  biasing  ring  laser  gyros.  This  report  deals  with  the  properties  of  the 
binary  alloy  system  FexCOj_x  for  1  <.  x  £  0.  Previous  reports  in  this  se¬ 
ries  dealt  with  the  magneto-optical  properties  of  magnetic  glasses  (Report  No. 
1  -  NRL  Memorandum  Report  No.  3870)  and  of  rare-earth:  transition  metal  alloys 
(Report  No.  2  -  NRL  Memorandum  Report  No.  4198).  The  Fe-Co  alloy  system  ap¬ 
peared  particularly  attractive  because  it  was  known  that  some  of  the  alloys 
exhibit  larger  magnetic  moments  than  pure  Fe.  Magneto-optical  effects  gener¬ 
ally  scale  with  magnetic  moment  and  since  Fe  exhibits  the  largest  magneto-op¬ 
tical  effects  of  all  the  elemental  metals,  it  was  expected  that  large  effects 
would  be  observed  in  these  alloys.  Furthermore,  the  Fe-Co  alloys  are  easily 
switched  and  possess  very  square  hysteresis  loops.  These  characteristics  are 
specifically  those  sought  for  a  magnetic  mirror  biasing  element  utilizing  the 
transverse  Kerr  effect,  of  the  type  employed  by  Sperry  Gyroscope  Corporation 
in  its  laser  gyroscope. 

The  magneto-optical  properties  of  evaporated  films  of  Fe-Co  alloys  have 
been  studied  in  this  work  as  a  function  of  composition  using  ellipsometric 
techniques  to  obtain  the  components  of  the  index  of  refraction  N  =  n-ik  and 
the  magneto- optical  coefficient  Q  *  Qj-iQg  at  the  He-Ne  laser  wavelengths  of 

A  =  1.15um  and  0.63um.  The  results  indicate  a  very  sharply  defined  compo¬ 
sitional  range  between  Fe  gCo  5  and  Fe  gCo  4  in  which  the  atomic  order- 

disorder  transition  affects  the  optical  properties  by  increasing  both  n  and  k, 
as  well  as  increasing  |q|  to  values  larger  than  any  previously  reported  except 
for  the  compound  MnBi. 


II.  BACKGROUND 


It  has  long  been  known  that  elemental  Fe  and  Co  exhibit  large  magneto-op¬ 
tical  effects  and  these  properties  have  been  studied  in  some  detail^.  It 
has  also  been  known  that  alloys  of  Fe  and  Co  can  exhibit  larger  magnetization 
than  either  of  the  elemental  constituents,  as  well  as  exhibiting  an  atomic 
order-disorder  transition  (*  730°C)  for  compositions  near  Fe  5Co  g.  This 

transition  Is  characterized  by  a  rearrangement  of  the  constituents  of  the  bcc 
structure  from  having  random  locations  in  the  disordered  state  to  having  one 
element  only  on  cube  corners  and  the  other  element  only  at  cube  centers  In  the 
ordered  state.  [The  optical  properties  of  these  alloys  have  not,  however,  un¬ 
til  recently  been  investigated.]  The  recent  work  of  Kudryavtsev  et  al^ 


Manuscript  submitted  March  23, 1982. 


1 


Indicated  that  for  Fe  gCo  5  dramatic  changes  occur  in  the  optical  conduc¬ 
tivity  when  thin-film  samples  are  annealed  and  presumably  pass  through  the 
order-disorder  transition.  These  effects  were  interpreted  on  the  basis  of 
changes  In  the  band  structure  when  the  system  formed  an  ordered  superlat- 
131 

ticeu  J  structure. 


III.  EXPERIMENTAL 
a)  Procedures 


Polycrystalllne  films  were  prepared  by  co-evaporation  of  the  constituents 

from  two  separate  e-beam  sources  In  a  vacuum  of  10"  7  Torr  onto  optically 
polished  fused  quartz  substrates.  The  substrates  were  heated  via  thermal  con¬ 
tact  with  a  copper  plate  whose  temperature  was  monitored  with  a  thermocouple. 
Substrate  temperatures  (T  )  of  up  to  400®C  were  utilized  to  anneal  the  films 

a  o 

during  growth.  The  samples  were  approximately  3000  A  thick  and  of  good  op¬ 
tical  quality. 


The  transverse  Kerr  effect  was  used  to  measure  the  complex  magneto¬ 
optical  coefficient  Q  =  (Q^  -  iQ2)  at  room  temperature  and  at  the  wave¬ 
lengths  of  the  He-Ne  laser  X  -  0.63  um  (2.0eV)  and  X  *  1.15  urn  (l.leV).  The 
quantity  Q  is  defined  in  terms  of  the  off-diagonal  component  of  the  dielectric 
tensor  of  the  material  as  follows: 


(1) 


where  N  is  the  complex  index  of  refraction  (N  =  n-ik),  £q  is  the  dielectric 

constant  of  free  space  and  the  magnetization  M  is  assumed  to  be  along  z. 
Since  one  requires  all  four  quantities  n,  k,  q  ,  and  Q2  in  order  to  evaluate 

the  magneto-optical  effects  for  a  metallic  mirror,  an  ellipsometric  technique 
was  used  to  make  the  measurements. 


The  experimental  apparatus  shown  in  Fig.  1  permits  one  to  determine  all 
of  the  required  parameters  by  taking  data  both  with  and  without  an  applied 
magnetic  field  H.  The  sample  holder  electromagnet  produces  a  DC  field  up  to 
120  Oe  in  the  plane  of  the  film  and  normal  to  the  plane  of  Incidence.  In  or¬ 
der  to  eliminate  the  (rather  severe)  effects  of  thin  surface  oxide  layers, 
data  were  taken  through  the  fused  quartz  substrate  using  the  fused  quartz 
prism  shown  in  Fig.  1  together  with  an  Index  matching  fluid.  We  used  a  mea¬ 
surement  technique  similar  to  that  developed  by  Robinson^  for  longitudinal 
Kerr  effect  work.  However,  redundant  data  were  used  to  cancel  systematic  er¬ 
rors.  Because  of  growth  Induced  anisotropy  in  the  films,  the  easy  axis  was 
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first  determined  and  all  data  was  taken  with  that  axis  along  the  applied 
field.  All  samples  were  measured  In  a  saturated  state. 

The  easy  axis  was  determined  from  hysteresis  curves  of  M  vs  H  measured  on 

the  samples  using  an  M-H  looper  of  the  type  described  by  Copeland^.  The 
maximum  drive  field  amplitude  was  70  Oe  at  100  Hz.  The  saturation  magnetiza¬ 
tion  per  unit  volume,  Ms,  was  obtained  from  a  vibrating  coil  magnetometer  mea¬ 
surement  on  an  identical  sample.  More  details  on  the  experimental  methods  can 
be  found  In  Report  No.  1. 

b)  Results 

The  results  of  these  measurements  are  presented  in  Figs.  2,  3,  4,  5,  and 
6.  The  bulk  of  the  data  presented  is  for  samples  which  were  annealed  to 
250°C.  Limitations  on  our  apparatus  prohibited  us  from  preparing  many  samples 
at  a  higher  T  within  a  reasonable  time.  Some  samples  were  prepared  at  400°C 
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however,  and  that  data  is  included.  The  figures  all  present  the  data  in  terms 
of  increasing  Co  concentration  and  the  bulk  change  of  phase  from  body-center- 
ed-cubic  to  face-centered-cubic  at  Fe  25Co  is  indicated.  This  often  co¬ 
incides  with  a  break  in  the  behavior  of  the  data.  In  general,  the  quality  of 
the  visible  data  at  I  »  0.63  pm  (2 -OeV)  is  higher  than  the  infrared  data  at 
X  »  1.15  urn  (l.leV).  This  stems  from  the  fact  that  accurate  ellipsometry  is 
dependent  upon  precise  determination  of  a  null  signal  through  the  Instrument. 
The  much  poorer  signal-to-noise  obtained  from  the  Infrared  source  and  detector 
made  these  nulls  less  certain.  The  lines  drawn  in  the  figures  connecting  the 
data  points  are  merely  intended  to  aid  the  eye. 

Figure  2  shows  n  and  k  vs  composition  for  X  *  0.63  pm,  and  the  most  no¬ 
table  fact  is  the  sharp  increase  in  both  quantities  in  the  compositional 
range  *  40%  Co  to  50%  Co.  Two  points  for  a  Fe  ,-Co  sample  annealed  at  400° C 
are  included. 

Figure  3  illustrates  the  conductivity  a,  calculated  from  n  and  k  for  both 
laser  wavelengths.  This  quantity  is  often  more  popular  in  the  literature,  es¬ 
pecially  in  calculations  derived  from  band  theory,  and  is  therefore  provided 
to  facilitate  comparisons. 

Figure  4  contains  the  real  and  imaginary  components  of  the  magneto-op¬ 
tical  tensor,  Q.  and  Q-  respectively,  for  X  »  0.63  ym  (2.0 eV).  The  maxima 
associated  withHhe  40r  Co  to  50%  Co  region  are  less  dramatic,  but  neverthe¬ 
less  quite  apparent. 

Figure  5  displays  |Q|  for  both  wavelengths.  This  quantity  is  generally 
the  most  important  parameter  from  an  applications  point-of-view  since  It  mea¬ 
sures  the  magnitude  of  observed  magneto-optic  effects.  Although  the  infrared 
data  changes  more  gradually  with  composition  than  the  visible  data,  it  never¬ 
theless  shows  large  Increases  in  the  magneto-optic  effects  near  Fe  5Co  5, 

since  values  of  |Q|  approaching  0.1  have  never  before  been  reported  for  tran¬ 
sition  metal  alloys,  and  only  exceeded  by  values  reported  for  MnBI. 

Finally,  Fig.  6  exhibits  the  dependence  of  the  2.0eV  value  of  |Q|  divided 
by  the  saturation  magnetization  M$  for  each  composition.  The  behavior  of 


this  ratio  Illustrates  that  the  popular  view  of  IqI  being  proportional  to 
Is  a  misconception.  The  dramatic  Increase  In  ( Q I  /M_  (  =  50%  at  Fe  -Co  K) 

S  *D  •  D 

Indicates  that  the  magneto-optical  properties  of  2.0eV  are  far  more  sensitive 
to  the  ordering  phenomena  than  Is  the  magnetization. 


IV.  MAGNETO-OPTIC  MIRROR  APPLICATION 


The  principal  Interest  In  these  magnetic  alloys,  from  the  polnt-of-vlew 
of  this  report,  lies  In  their  potential  application  as  magneto-optic  biasing 
elements  In  a  ring  laser  gyro.  In  particular,  they  would  be  employed  as 
transverse  Kerr  effect  mirrors,  in  essentially  the  same  configuration  illus¬ 
trated  In.  Fig.  7.  In  order  to  predict  the  behavior  of  such  mirrors  a  compu¬ 
ter  model  was  developed  which  generated  the  performance  figures  for  any  arbi¬ 
trary  element  design.  This  computer  program  was  the  subject  of  Report  No.  3 
In  this  series.  For  the  purposes  of  this  present  Report  we  employed  the  pro¬ 
gram  to  generate  graphical  respresentations  of:  a)  The  reflectivity  of  p-po- 
larlzed  radiation  R;  b)  the  differential  reflectivity  Ar;  c)  the  differential 
phase  shift  A*;  and  d)  the  flgure-of-merit  (FM).  The  quantities  are  defined 


respectively  as  follows: 

R  »  2(|Rpp(Q)  +  Rpp("Q>l  2)  (2) 

AR  -  (!Rpp(Q)l2  -  lRpp(-Q)l  (3) 

M  *  Ar9  <Rpp(Q)>  -  tog  {Rpp(-Q)>  (4) 

FM  -  A$/(i-R)  (5) 


where  Arg  {X}  means  the  argument  of  the  complex  quantity  X  and  R  is  the 

Hr  pel 

Fresnel  reflection  coefficient.  More  detail  can  be  found  in  Report  No.  3L  J. 

The  optical  structure  chosen  is  illustrated  in  Fig.  8.  It  contains  six 
pairs  of  dielectric  layers  (high-low  Index)  tuned  to  enhance  the  reflectivity 
at  the  wavelength  of  interest  and  a  30°  angle  of  incidence.  The  dielectric 
layer  closest  to  the  metal  film  is  "tuned"  in  the  usual  manner  to  optimize  the 

performance^.  The  calculations  were  performed  for  each  of  the  He-Ne  laser 
wavelengths  of  interest  (0.63  pm  and  1.15  pm)  for  several  selected  alloy  com¬ 
positions.  The  results  are  presented  as  Figs.  9  through  14,  where  in  every 
case  the  performance  is  plotted  as  a  function  of  tuning  layer  thickness  in  or¬ 
der  to  illustrate  optimization.  Finally  in  Fig.  15  the  peak  FM  for  the  whole 
family  of  alloys  Is  presented  as  a  function  of  composition,  again  for  the  two 
wavelengths  of  Interest. 

V.  DISCUSSION 


There  are  several  Interesting  implications  of  the  above  results,  both  In 
terms  of  physics  and  potential  applications.  First,  It  is  apparent  by  Inspec¬ 
tion  of  the  figures  that  the  manifestations  of  the  order-disorder  transition 
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are  not  centered  symmetrically  about  Fe  -Co  - ,  but  are  In  fact  centered  at 
approximately  Fe  55C0  45.  This  Is  an *ane*pl ained  result  which  has  also 

been  seen  in  neutron-powder  diffraction  experiments  on  these  alloys^. 

A  simple  Islng  model  description  of  the  order-disorder  transition  predicts 

r8i 

symmetry  about  Fe  5C0  5  • 

Another  interesting  physics  question  arises  from  the  dramatic  changes  in 
the  optical  properties  upon  ordering.  The  2eV  optical  conductivity  o  in¬ 
creases  50%  over  the  baseline  values  outside  of  the  ordering  region  of  compo¬ 
sition.  Evidence  of  this  was  first  reported  by  Kudryavtsev  et  al  who  studied 
the  spectral  dependence  of  the  optical  conductivity  in  Fe  5Co  5  under  dif¬ 
ferent  conditions  of  annealing.  At  the  points  where  our  two  studies  inter¬ 
sect  (i.e.  T  »  250°C;  Fe  KCo  K;  E  *  l.leV  and  2.0 eV)  our  results  for  a  are  in 

good  agreement.  They  cite  the  band  theory  calculations  of  Yamashita  et  ar  J 
on  the  Fe-Co  ordered  superlattice  for  an  explanation.  Yamashita  et  al  have 
shown  that  the  principal  effect  of  the  ordering  is  to  split  certain  bands  at 
high  symmetry  points  in  the  Brillouin  zone,  with  a  corresponding  change  in  the 
wave  functions.  Kudryavtsev  et  al  suggest  that  the  optical  conductivity  at 
2.0eV  arises  principally  from  the  region  around  one  of  these  points  (P  in  the 
disordered  structure  which  becomes  R  in  the  ordered  structure).  A  neighboring 
transition  at  1.4eV  is  attributed  to  the  region  around  r  where  no  band  split¬ 
ting  occurs,  hence  the  transition  remains  unaltered.  This  assignment  for  the 

source  of  the  optical  activity  does  not  disagree  with  Singh  et  al^  who  have 
done  a  detailed  band  calculation  of  the  optical  properties  of  Fe.  Singh  et  al 
also  calculated  the  magneto-optical  properties  and  determined  that  they  arise 
chiefly  from  transitions  about  another  high  symmetry  point  N  which  becomes  M 
in  the  ordered  region  and  also  undergoes  splitting.  It  therefore  appears  as 
if  the  dramatic  changes  in  the  magneto-optical  properties  can  be  understood 
on  this  basis.  While  the  spectral  dependence  of  Qj  and  Q2  has  been  measured 

in  Fe  and  Co,  no  such  study  of  Fe  gCo  5  has  been  reported  which  would  locate 

specific  spectral  features  that  could  be  related  to  the  band  picture.  It 
should  be  noted  that  while  the  quantities  n,  k,  Qj,  and  Q2  are  sensitive  to 

the  detailed  behavior  of  the  energy  bands  and  wave  functions  at  certain  points 
in  the  Brillouin  zone,  the  magnetization  depends  only  upon  the  projected  den¬ 
sity  of  states  for  up  and  down  spins  near  the  Fermi  level,  which  changes  very 

f31 

little  upon  ordering**  .  While  this  makes  the  data  of  Fig.  6  easier  to  under¬ 
stand  it  must  be  remembered  that  the  magneto- optical  effects  arise  entirely 
from  the  spin-orbit  interaction  and  its  proper  inclusion  in  band  calculations 

has  been  attempted  only  recently^.  Results  are  not  yet  available  for  the 
superlattice  FeCo. 

Finally,  from  an  applications  point  of  view,  it  appears  as  if  the  Fe-Co 
alloy  system  can  provide  materials  of  much  greater  magneto-optical  activity 
than  one  might  have  expected  from  the  well  known  10%  increase  in  for 

Fe  y Co  3  over  Fe.  The  values  of  I Q I  reported  for  the  ordered  region  are 

considerably  higher  than  had  been  previously  known  for  magnetically  swltchable 
materials.  Since  the  saturation  annealing  temperature  of  350°C  found  by 
Kudryavtsev  et  al  was  not  reached  for  the  bulk  of  the  samples  in  this  study. 
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they  did  not  reflect  the  properties  of  samples  possessing  complete  long-range 
order.  The  larger  values  of  n,  k,  QJt  and  Q2  suggested  by  our  400°C  data 

might  reasonably  be  expected  to  be  obtained.  Furthermore,  in  the  ordered 
state  these  are  easily-switched,  very  square  hysteresis  loop  materials,  which 
is  often  an  Important  property  for  applications. 
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Fig.  2  —  Real  (n)  and  imaginary  (k)  components  of 
the  optical  index  vs.  composition 


Fig.  3  —  Optical  conductivity  (<r)  vs.  composition 
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Fig.  4  —  Real  (Qj )  and  imaginary  (Q2)  components  of 
the  magneto-optical  coefficient  vs.  composition 
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Fig.  8  —  Optical  structure  used  for 
computer  model  calculation 


Fig.  9(a)  —  R  v»  tuning 
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Fig.  9(b)  —  AR  to  tuning 
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Fig.  9(c)  — A#vi  tuning 
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Fig.  9(d)  —  FM  va  tuning 
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Fig.  11(c)  — A<fc  vi  tuning 
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Fig.  11(d)  —  FM  vt  tuning 
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Fig.  13(a)  —  R  vs  tuning 


Ffe.  13(b)  —  AR  vs  tuning 
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Fig.  14(a)  —  R  vs  tuning 


Fig.  14(b)  —  AR  vs  tuning 
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Fig.  14(c)  — A4>  vs  timing 


Fig.  14(d)  —  FM  vs  tuning 
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